A study of the influence of shadowing on the statistical properties of the capacity of mobile radio channels by Rafiq, Gulzaib & Pätzold, Matthias
A Study of the Influence of Shadowing on the
Statistical Properties of the Capacity of Mobile
Radio Channels
GULZAIB RAFIQ and MATTHIAS PA¨TZOLD
Faculty of Engineering and Science, University of Agder
P.O. Box 509, NO-4898 Grimstad, Norway
E-mails: gulzaib.rafiq@uia.no; matthias.paetzold@uia.no
April 11, 2008
Abstract. This paper1 studies the influence of shadowing on the statistical proper-
ties of the channel capacity. The problem is addressed by using a Suzuki process as
an appropriate statistical channel model for land mobile terrestrial channels. Using
this model, exact solutions for the probability density function (PDF), cumulative
distribution function (CDF), level-crossing rate (LCR), and average duration of
fades (ADF) of the channel capacity are derived. The results are studied for dif-
ferent levels of shadowing, corresponding to different terrestrial environments. It is
observed that the shadowing effect has a significant influence on the variance and
the maximum value of the PDF and LCR of the channel capacity, but it has almost
no impact on the mean capacity of the channel. The correctness of the theoretical
results is confirmed by simulation using a stochastic channel simulator based on the
sum-of-sinusoids principle.
Keywords: Land mobile terrestrial channels, channel capacity, shadowing effects,
lognormal process, Suzuki process, level-crossing rate, average duration of fades.
1. Introduction
The channel capacity can be considered as a measure of how much
information can be transmitted over a channel with a negligible prob-
ability of error [1]. The precise knowledge of the statistical properties
of the channel capacity is indispensable for the development of future
mobile communication systems. While studying the capacity of mobile
fading channels, the dynamic behaviour of the channel is generally ig-
nored. However, for the development of future optimized heterogeneous
multiuser communication networks, it is important to know how fast
the channel capacity changes with time. Therefore, studies pertaining
to unveil the dynamics of the channel capacity can be very helpful to
1 The material in this paper is based on “The Impact of Shadowing on the Ca-
pacity of Mobile Fading Channels”, by Gulzaib Rafiq and Matthias Pa¨tzold which
appeared in the proceedings of 4th IEEE International Symposium on Wireless
Communication Systems, ISWCS 2007, Trondheim, Norway, October 2007.
c© 2007 IEEE.
c© 2008 Kluwer Academic Publishers. Printed in the Netherlands.
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achieve higher data rates while keeping the probability of error as low as
possible. In mobile communication systems, the LCR and ADF of the
channel capacity are important characteristic quantities which provide
insight into the dynamic behaviour of the channel capacity [2], [3].
The LCR of the channel capacity describes the average number of
up-crossings (or down-crossings) of the capacity through a fixed level
within a time interval of one second. Analogously, the ADF of the
channel capacity is the expected value of the length of the time intervals
in which the capacity is below a given level [2–4].
The random amplitude fluctuations of the received signal can be
modelled using an appropriate stochastic process. It has widely been
accepted that for urban and suburban areas, where the line-of-sight
(LOS) signal component is blocked by obstacles, the Rayleigh process
is a suitable stochastic process to model the channel [5–7]. In rural
regions, however, the LOS component is often a part of the received
signal, so that the Rice process is an appropriate choice for modelling
such channels. The validity of Rayleigh and Rice channel models is
limited to small areas having dimensions in the order of a few tens of
wavelengths. The local mean of the received signal envelope remains
approximately constant in these areas [8]. The local mean, however,
fluctuates in large areas due to shadowing effects. It has widely been
reported in the literature that shadowing can adequately be modelled
by a lognormal process [9–12]. Therefore, for the case of land mobile
terrestrial channels, a Suzuki process is considered to be a more suitable
statistical channel model [13]. The Suzuki process is generated by tak-
ing the product of a Rayleigh and a lognormal process [14]. The analysis
of the PDF, CDF, LCR, and ADF of the channel capacity of fast fading
channels, like Rayleigh channels can be found, e.g., in [2–4], [15], [16].
However, there is a lack of information regarding the combined effects of
shadowing and fast fading on the channel capacity. The purpose of this
paper is to close this gap by using a Suzuki process as an appropriate
channel model.
The paper studies the influence of shadowing on the channel capac-
ity. In particular, we have derived analytical expressions for the PDF,
CDF, LCR, and ADF of the capacity of Suzuki channels. Previous
studies show that the shadow standard deviation can have a wide range
of values depending on the terrestrial environment [9]. Therefore, it is
important to study the statistical properties of the channel capacity
for different values of the shadow standard deviation. Our analysis
has revealed that the variance and the maximum value of the PDF
and LCR of the channel capacity, respectively, are highly influenced by
the shadow standard deviation. However, this parameter has nearly no
effect on the mean channel capacity.
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The rest of the paper is organized as follows. In Section 2, we review
briefly the Suzuki process. The statistical properties of the channel
capacity for this model are analyzed in Section 3. Section 4 introduces
some special cases of the presented channel model. The simulation
model used to verify the theoretical results is introduced in Section 5. In
Section 6, the theoretical and simulation results are discussed. Finally,
the conclusions are given in Section 7.
2. The Suzuki Channel Model
In this section, we will describe the Suzuki process η(t), which is con-
sidered as a proper statistical channel model for our problem. The
Suzuki process is defined by [14]
η(t) = ζ(t) · λ(t) (1)
where ζ(t) represents a Rayleigh process and λ(t) denotes a lognormal
process.
The Rayleigh process ζ(t) can be described as
ζ(t) = |µ(t)| (2)
where µ(t) is a complex Gaussian process, i.e.,
µ(t) = µ1(t) + jµ2(t). (3)
In (3), µ1(t) and µ2(t) are uncorrelated zero-mean real-valued Gaussian
processes with identical variances σ20 . Under the assumption of isotropic
scattering, the autocorrelation function (ACF) rµµ(τ) of the complex
Gaussian process µ(t) is given by [20]
rµµ(τ) = rµ1µ1(τ) + rµ2µ2(τ) (4)
where
rµiµi(τ) = σ
2
0J0 (2pifmaxτ) , i = 1, 2. (5)
In (5), J0 (·) denotes the 0th-order Bessel function of the first kind,
rµiµi(τ) is the ACF of the process µi(t), and fmax represents the max-
imum Doppler frequency.
The lognormal process λ(t) in (1) can be expressed as
λ(t) = 10[σLν3(t)+mL]/20 (6)
where ν3(t) is a zero-mean real-valued Gaussian process with unit vari-
ance. The third Gaussian process ν3(t) is statistically independent of
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the other two Gaussian processes µ1(t) and µ2(t). The parameters σL
and mL are called the shadow standard deviation and the area mean,
respectively. It has been observed that the shadow standard deviation
depends on the terrestrial environment [9]. Specifically, it has been
shown in [9] that σL = 4.3 dB can be chosen as a suitable value for
urban environments, whereas σL = 7.5 dB is an appropriate value for
suburban areas. The PDF pλ(z) of the lognormal process λ(t) is given
by
pλ(z) =
20√
2pi ln(10)σLz
e
− (20 log(z)−mL)
2
2σ2
L , z ≥ 0. (7)
For the spectral shape of the process ν3(t) in (6), we have assumed a
Gaussian power spectral density (PSD) given by [13], [17]
Sν3ν3 (f) =
1√
2piσc
e
− f
2
2σ2c (8)
where σc is related to the 3 dB cutoff frequency fc by fc = σc
√
2 ln(2). It
is assumed that fc is much smaller than fmax, i.e., κc = fmax/fc ≫ 1.
The inverse Fourier transform of Sν3ν3 (f) in (8) results in the ACF
rν3ν3 (τ) of the process ν3(t) as
rν3ν3 (τ) = e
−2(piσcτ)2 . (9)
The time derivative of the Suzuki process η(t) is represented by η˙(t).1
In order to analyze the statistical properties of the Suzuki channel
capacity (see Section 3), it is necessary to find the joint PDF pη2η˙2(z, z˙)
of η2(t) and η˙2(t). This problem can be solved by first finding the joint
PDF pηη˙(z, z˙) of η(t) and η˙(t) at the same time t. Thereafter, using the
obtained expression for pηη˙(z, z˙), the joint PDF pη2η˙2(z, z˙) can be found
by applying the concept of transformation of random variables [18].
After some algebraic manipulations on the results found in [13], the
PDF pη(z) of η(t) can be written as
pη(z) =
20 · z
ln(10)
√
2piσ20σL
∞∫
0
1
y3
· e−
(
z√
2σ0y
)2
e
−
(
20 log(y)−mL√
2σL
)2
dy, z ≥ 0.
(10)
1 Throughout this paper, we will represent the time derivative of a process by an
overdot.
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Similarly, the joint PDF pηη˙(z, z˙) can be expressed as [13]
pηη˙(z, z˙) =
20 · z
2pi ln(10)
√
βσ20σL
∞∫
0
e
−
(
z√
2σ0y
)2
e
−
(
20 log(y)−mL√
2σL
)2
y4K(z, y)
×e−
(
z˙√
2βyK(z,y)
)2
dy, z ≥ 0, |z˙| <∞ (11a)
where
K(z, y) =
√
1 +
γ
β
(
zσL ln(10)
20y
)2
(11b)
and
β = −r¨µiµi(0) = 2 (pifmaxσ0)2 , i = 1, 2 (11c)
γ = −r¨ν3ν3 (0) = (2piσc)
2 . (11d)
Here, β represents the negative curvature of the ACF rµ
i
µ
i
(τ) of µ
i
(t)
at the origin [20], i.e.,
β = − d
2
dτ2
rµ
i
µ
i
(τ)
∣∣∣∣∣
τ=0
= −r¨µiµi(0), i = 1, 2. (12)
In accordance with (12), the parameter γ is defined.
In order to find the joint PDF pη2 η˙2(z, z˙), the concept of transform-
ation of random variables [18] is applied. Hence, by using the rela-
tionship pη2η˙2(z, z˙) = (1/4z) × pηη˙(
√
z, z˙/2
√
z), we can write by using
(11a)
pη2η˙2(z, z˙) =
5√
z2pi ln(10)
√
βσ20σL
∞∫
0
e
−
( √
z√
2σ0y
)2
e
−
(
20 log(y)−mL√
2σL
)2
y4K(
√
z, y)
×e−
(
z˙√
8βzyK(
√
z,y)
)2
dy, z ≥ 0, |z˙| <∞. (13)
The expression for pη2η˙2(z, z˙) in (13) will be used in the next sec-
tion for the calculation of the LCR of the channel capacity. From
(13), it can be observed that η2(t) and η˙2(t) are not statistically in-
dependent processes, since their joint PDF cannot be written as a
product of the marginal PDFs pη2(z) and pη˙2(z˙). By using (13) in
pη2(z) =
∫∞
−∞ pη2η˙2(z, z˙)dz˙, the PDF pη2(z) of η
2(t) can be written as
pη2(z) =
10√
2pi ln(10)σ20σL
∞∫
0
e
−
( √
z√
2σ0y
)2
e
−
(
20 log(y)−mL√
2σL
)2
y3
dy,
z ≥ 0. (14)
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The formula presented above will be used in the next section to calcu-
late the PDF of the channel capacity.
3. Statistical Properties of the Capacity of Suzuki Channels
In this section, we will first introduce the capacity of the channel
described by Suzuki processes. Thereafter, the expressions for the sta-
tistical properties of the channel capacity will be derived using the
results obtained in the previous section.
The expression for the channel capacity C(t) of an additive white
Gaussian noise (AWGN) channel can be written using the Shannon
capacity formula [19] as
C(t) = log2
(
1 + γs |H(t)|2
)
(bits/sec/Hz) (15)
where the quantity γs is the signal-to-noise ratio (SNR). In (15), H(t)
represents the random complex channel gain described using any suit-
able stochastic channel model. In this article, we have represented the
random channel H(t) by a Suzuki process η(t). From the fact that the
Suzuki process η(t) is a real-valued random process, the instantaneous
capacity of the Suzuki channel in (15) can be expressed as
C(t) = log2
(
1 + γsη
2(t)
)
. (16)
The expression presented in (16) can be considered as a mapping of
the random process η(t) to another random process C(t). Therefore,
by applying the concept of transformation of random variables [18], the
PDF pC,η(r) of the channel capacity C(t) can be written by substituting
(14) in the expression pC,η(r) = (2
r ln(2)/γs)× pη2 (2r − 1/γs) as
pC,η(r) =
2r ln(2)10√
2pi ln(10)γsσ20σL
∞∫
0
e
−
( √
2r−1√
2γsσ0y
)2
e
−
(
20 log(y)−mL√
2σL
)2
y3
dy,
r ≥ 0. (17)
The CDF FC,η(r) of the channel capacity C(t) can now be expressed
by using FC,η(r) =
∫ r
0 pC,η(x)dx as
FC,η(r) =
20√
2pi ln(10)σL
∞∫
0
1
y
· e−
(
20 log(y)−mL√
2 σL
)2 1− e−
( √
2r−1√
2γsσ0y
)2 dy,
r ≥ 0. (18)
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The LCR NC,η(r) of the channel capacity C(t) is defined as [2]
NC,η(r) =
∞∫
0
z˙pCC˙,η(r, z˙)dz˙, r ≥ 0. (19)
Thus, in order to find the LCR NC,η(r), the joint PDF pCC˙,η(z, z˙) of
C(t) and C˙(t) is required. Applying the concept of transformation of
random variables [18], pCC˙,η(z, z˙) can be expressed after substituting
(13) in pCC˙,η(z, z˙) = (2
z ln(2)/γs)
2 × pη2η˙2 (2z − 1/γs, 2z z˙ ln(2)/γs) as
pCC˙,η(z, z˙) =
5× (2z ln(2))2
2pi
√
2z − 1 ln(10)γ
3
2
s
√
βσ20σL
∞∫
0
e
−
( √
2z−1√
2γsσ0y
)2
y4K
(√
2z−1
γs
, y
)
×e−
(
20 log(y)−mL√
2σL
)2
e
−

 z˙(2z ln(2))
y
√
8βγs(2z−1)K
(√
2z−1
γs
,y
)


2
dy,
z ≥ 0, |z˙| <∞ (20)
where K (·, ·) is the function introduced in (11b).
After substituting (20) in (19) and carrying out some algebraic
calculations, we obtain
NC,η(r) =
20
√
β (2r − 1)
2pi ln(10)
√
γsσ
2
0σL
∞∫
0
e
−
( √
2r−1√
2γsσ0y
)2
e
−
(
20 log(y)−mL√
2σL
)2
y2
×K
(√
2r − 1
γs
, y
)
dy, r ≥ 0. (21)
Due to the quantity β, appearing in the numerator of (21), it is observed
that the LCR NC,η(r) of the channel capacity C(t) is proportional to
the maximum Doppler frequency fmax. This can be seen by replacing
β in (21) by the expression presented in (11c). Thus, by normalizing
NC,η(r) on fmax, the influence of the mobile speed on the LCR can be
removed.
Finally, from (18) and (21), the ADF TC,η(r) of the channel capacity
C(t) can be obtained using [2]
TC,η(r) =
FC,η(r)
NC,η(r)
. (22)
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4. Special Cases of the Suzuki Channel Model
In this section, we will derive the statistical properties of the channel
capacity of Rayleigh and lognormal processes. It will be shown that the
corresponding statistical quantities like the PDF, CDF, LCR, and ADF
of the channel capacity can be obtained as special cases of the respective
results derived for Suzuki processes in the previous section. The detailed
discussion on the relationships between the statistical properties of
channel capacity of Suzuki, Rayleigh, and lognormal processes can be
found in Section 6.
4.1. The Channel Capacity of Rayleigh Processes
Let σL → 0 and mL = 1 (unit area mean), then the PDF, CDF, and
LCR of the channel capacity of Suzuki channels can be written as
pC,η(r)
∣∣∣∣ σL→0
mL=1
=
2r ln(2)
2γsσ
2
0
e
−
(
2r−1
2γsσ
2
0
)
, r ≥ 0 (23)
FC,η(r)
∣∣∣∣ σL→0
mL=1
= 1− e−
(
2r−1
2γsσ
2
0
)
, r ≥ 0 (24)
and
NC,η(r)
∣∣∣∣ σL→0
mL=1
=
1
σ20
√
β (2r − 1)
2piγs
e
−
(
2r−1
2γsσ
2
0
)
, r ≥ 0 (25)
respectively. It can be observed that the expressions presented above
correspond to those known for the channel capacity of Rayleigh chan-
nels [2]. Hence, the Rayleigh process is a special case of the Suzuki
process when σL → 0 and mL = 1.
4.2. The Channel Capacity of Lognormal Processes
In order to derive the expressions for the statistical properties of the
capacity of lognormal channels, a similar procedure can be applied
as developed here for Suzuki channels. By using the result for the
joint PDF pλλ˙(z, z˙) of λ(t) and λ˙(t) in [13] and following similar steps
from (13) to (21), the expressions for the PDF, CDF, and LCR of the
capacity of lognormal channels can be expressed as
pC,λ(r) =
2r ln(2)10√
2pi ln(10) (2r − 1) σL
e
−

 20 log
(√
2r−1
γs
)
−mL
√
2σL


2
, r ≥ 0 (26)
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FC,λ(r) =
ln(2)10√
2pi ln(10)σL
r∫
0
2x
(2x − 1) · e
−

 20 log
(√
2x−1
γs
)
−mL
√
2σL


2
dx,
r ≥ 0 (27)
and
NC,λ(r) =
√
γ
2pi
e
−

 20 log
(√
2r−1
γs
)
−mL
√
2σL


2
, r ≥ 0 (28)
respectively. Furthermore, the ADF of the capacity of lognormal chan-
nels can be found using (22), (27), and (28). Alternatively, one can
show that the expressions (26)–(28) can be obtained by setting σ20 = 0
in (17)–(21).
5. The Simulation Model
In this section, the analytical results derived in the previous section
will be verified by simulation. We have employed a stochastic channel
simulator based on the sum-of-sinusoids principle [20]. The resulting
structure of the simulation model for the analysis of the capacity of
Suzuki channels is shown in Fig. 1. Here, the hat (ˆ) symbolizes the
fact that the underlying stochastic processes are modelled by applying
( )
2010
<
 22log (1 )sJ <
1,1c
ˆ( )tK
3,2 3,2 )cos(2 tf TS 
3,1 3,1)cos(2 tf TS 
3 33, 3,
)cos(2 N Ntf TS 
+
3
ˆ ( )tQ
3,1c
3,2c
33,N
c
LV Lm
ˆ( )tOx
x
x
1,2 1,2 )cos(2 tf TS 
1,1 1,1)cos(2 tf TS 
1 11, 1,
)cos(2 N Ntf TS 
+
1
ˆ ( )tP
1,2c
11,N
c
x
x
x
2,2 2,2 )cos(2 tf TS 
2,1 2,1)cos(2 tf TS 
2 22, 2,
)cos(2 N Ntf TS 
+
2
ˆ ( )tP
2,1c
2,2c
22,N
c
x
x
x
<
3
ˆ ( )tP
ˆ ( )C t
ˆ( )t]
Figure 1. The stochastic simulation model for the capacity analysis of Suzuki
channels.
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the sum-of-sinusoids method with constant gains ci,n, constant fre-
quencies fi,n, and random phases θi,n, respectively. The phases θi,n
are independent and identically distributed (i.i.d.) random variables,
each having a uniform distribution over the interval (0, 2pi]. For the
stochastic processes µˆ1(t) and µˆ2(t) in Fig. 1, the parameters fi,n and
ci,n are calculated using the generalized method of exact Doppler spread
(GMEDS1) [21]. Whereas, for the stochastic process νˆ3(t), these param-
eters are calculated by applying the modified method of equal areas
(MMEA) [17]. In Fig. 1, the mapping of the Suzuki process ηˆ(t) to the
capacity Cˆ(t) is also shown. Finally, by using this model, all simulation
results presented in the next section are obtained by averaging over 15
sample functions of the capacity Cˆ(t).
6. Numerical Results
In this section, we will discuss the analytical and simulation results for
the statistical properties of the channel capacity. In order to illustrate
the influence of the shadowing effect on the statistics of the channel
capacity, we have taken into account different values of σL, ranging from
1 dB to 10 dB. We have also included some special cases, e.g., Rayleigh
fading (σL → 0 dB) and lognormal fading (σ20 = 0), in our study for
comparison purposes. Moreover, the results obtained for σL = 4.3 dB
(urban environment [9]) and σL = 7.5 dB (suburban environment [9])
are also shown. For the simulation model presented in Fig. 1, we have
usedN1 = 30,N2 = 31, andN3 = 32. The maximum Doppler frequency
fmax was chosen to be 91 Hz. The value for the parameter κc was taken
as 5 and the value for σ20 and area mean mL was set to unity. Unless
otherwise stated, the value of the SNR γs was set to 25 dB.
Firstly, the PDFs of the lognormal and Suzuki processes are shown in
Figs. 2 and 3, respectively. These figures demonstrate that the shadow
standard deviation σL has a dominant effect on the spread and the
peak value of the PDFs of these processes. The PDF and CDF of
the capacity of the Suzuki process are presented in Figs. 4 and 5,
respectively. Results for the special cases, i.e., for σL → 0 dB and
σ20 = 0, are also shown in these figures. From these results it can be
observed that, as the value of σL approaches 0 dB, the statistics of the
capacity of the Suzuki process approaches the statistics of the capacity
of the Rayleigh process.
The mean capacity E [C(t)] of the Suzuki process is shown in Fig. 6
for different values of the SNR γs. From Figs. 4 and 6, it can easily be
seen that the shadow standard deviation σL has nearly no influence on
the mean capacity of the Suzuki process. The variance of the channel
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Figure 2. The PDF of lognormal processes.
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Figure 3. The PDF of Suzuki processes.
capacity is presented in Fig. 7. It is quite evident that an increase in
the shadow standard deviation σL increases the variance of the channel
capacity. This observation is in accordance with the results presented
in Fig. 4. Similarly, the same effect can be observed by increasing the
value of the SNR γs. In Figs. 8 and 9, the normalized LCR and ADF
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Figure 4. The PDF of the capacity of Suzuki and lognormal channels.
0 2 4 6 8 10 12 14 16 18 200
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Level, r (bits/sec/Hz)
C
D
F
,
F
C
,η
(r
)
 
 
Theory
Simulation
σL = 1 dB
σL = 2 dB
σL = 3 dB
(Urban area) σL = 4.3 dBσL = 6 dB
(Suburban area) σL = 7.5 dB
σL = 9 dB
σL = 10 dB
(Rayleigh process) σL → 0 dB
Lognormal process (σL = 4.3 dB)
Lognormal process (σL = 7.5 dB)
Figure 5. The CDF of the capacity of Suzuki and lognormal channels.
of the channel capacity are shown, respectively. It can be observed
that the Rayleigh and lognormal processes set an upper and a lower
bound, respectively, on the LCR of the capacity of the Suzuki process.
For low and medium signal levels r, the LCR of the capacity of the
lognormal process is lower than the LCR of the capacity of the Suzuki
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Figure 6. The mean capacity of Suzuki channels.
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Figure 7. The variance of the capacity of Suzuki channels.
and Rayleigh processes. However, for high signal levels r, the LCR of
the capacity of the lognormal process is higher than that of the Suzuki
and Rayleigh processes. Analogously, the converse statement is true
for the ADF of the channel capacity. It is also observed from Figs. 4
and 8 that increasing the value of the shadow standard deviation σL
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Figure 9. The normalized ADF of the capacity of Suzuki and lognormal channels.
results in an increase of the spread of the PDF and LCR of the channel
capacity, where the peak value of these quantities decreases. From the
results presented in Figs. 4–9, we gain an insight into how the statistics
of the Suzuki channel capacity approaches those of the Rayleigh and
lognormal channels.
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7. Conclusion
In all results presented here, the simulation results are found to be in
a very good correspondence with the analytical results. In this paper,
we have studied the statistical properties of the capacity of Suzuki
channels. We have derived exact analytical expressions for the PDF,
CDF, LCR, and ADF of the channel capacity. Moreover, the influence
of shadowing on the statistics of the channel capacity has been investi-
gated. It has been observed that the variance and the maximum value
of the PDF and LCR of the channel capacity, respectively, are highly
influenced by the shadow standard deviation. It has been shown that
as the value of shadow standard deviation increases the variance of the
channel capacity increases. However, this parameter has only a minor
effect on the mean channel capacity. It has also been observed that
as the shadow standard deviation approaches 0 dB, the statistics of
the channel capacity of Suzuki channels approaches to that of Rayleigh
channels. Findings of this paper are helpful for analyzing the dynamic
behaviour of the channel capacity for land mobile terrestrial channels
in different terrestrial environments. The theoretical results obtained
have been verified by simulations, where the simulation results match
the theoretical expectations very closely.
References
[1] B. Holter, “On the capacity of the MIMO channel — a tutorial introduction,”
in Proc. IEEE Norwegian Symposium on Signal Processing, Trondheim,
Norway, Oct. 2001, pp. 167–172.
[2] B. O. Hogstad and M. Pa¨tzold, “Exact closed-form expressions for the distribu-
tion, level-crossing rate, and average duration of fades of the capacity of MIMO
channels,” in Proc. 65th IEEE V eh. T echnol. Conf., V TC 2007-Spring.
Dublin, Ireland, Apr. 2007, pp. 455–460.
[3] A. Giorgetti, P. J. Smith, M. Shafi, and M. Chiana, “MIMO capacity, level
crossing rates and fades: The impacts of spatial/temporal channel correlation,”
Journal of Communications and Networks, vol. 5, no. 2, pp. 104–115, Jun.
2003.
[4] B. O. Hogstad and M. Pa¨tzold, “Capacity studies of MIMO models based on
the geometrical one-ring scattering model,” in Proc. 15th IEEE Int. Symp.
on Personal, Indoor and Mobile Radio Communications, PIMRC 2004, vol.
3. Barcelona, Spain, Sep. 2004, pp. 1613–1617.
[5] W. R. Young, “Characteristics of small-area signal fading on mobile circuits
in the 150 MHz band,” IEEE Trans. V eh. T echnol., vol. 17, pp. 24–30, Oct.
1968.
[6] H. W. Nylund, “Comparison of mobile radio transmission at 150, 450, 900, and
3700 MHz,” Bell Syst. T ech. J., vol. 31, pp. 1068–1085, Nov. 1952
WIRE_08.tex; 17/04/2008; 15:34; p.15
16 Gulzaib Rafiq and Matthias Pa¨tzold
[7] Y. Okumura, E. Ohmori, T. Kawano, and K. Fukuda, “Field strength and its
variability in VHF and UHF land mobile radio services,” Rev Elec. Commun.
Lab., vol. 16, pp. 825–873, Sep./Oct. 1968.
[8] W. C. Jakes, Ed., Microwave Mobile Communicaitons. Piscataway, NJ: IEEE
Press, 1993.
[9] M. Gudmundson, “Correlation model for shadow fading in mobile radio
systems,” Electron. Lett., vol. 27, no. 23, pp. 2145–2146, Nov. 1991.
[10] D. M. Black and D. O. Reudink, “Some characteristics of mobile radio prop-
agation at 836 MHz in the Philadelphia area,” IEEE Trans. V eh. Technol.,
vol. 21, pp. 45–51, Feb. 1972.
[11] D. O. Reudink, “Comparison of radio transmission at X-band frequencies in
suburban and urban areas,” IEEE Trans. Ant. Prop., vol. 20, pp. 470–473,
Jul. 1972.
[12] M. F. Ibrahim and J. D. Parsons, “Signal strength prediction in built-up areas,”
Proc. IEE, vol. 130F, no. 5, pp. 377–384, 1983.
[13] M. Pa¨tzold, U. Killat, F. Laue, “An extended Suzuki model for land mobile
satellite channels and its statistical properties,” IEEE Trans. V eh. T echnol.,
vol. 47, no. 2, pp. 617–630, May 1998.
[14] H. Suzuki, “A statistical model for urban radio propagation,” IEEE Trans.
Commun., vol. COM-25, no. 7 pp. 673–680, Jul. 1977.
[15] P. J. Smith, L. M. Garth, and S. Loyka, “Exact capacity distributions for MIMO
systems with small numbers of antennas,” IEEE Commun. Lett., vol. 7, no.
10, pp. 481–483, Oct. 2003.
[16] H. Ge, K. D. Wong, M. Barton, and J. C. Liberti, “Statistical characterization
of multiple-input multiple-output (MIMO) channel capacity,” in Proc. IEEE
Wireless Communications and Networking Conference, WCNC 2002, vol.
2. Florida, USA, Mar. 2002, pp. 789–793.
[17] M. Pa¨tzold, and K. Yang, “An exact solution for the level-crossing rate of
shadow fading processes modelled by using the sum-of-sinusoids principle,” in
Proc. 9th Int. Symp. on Wireless Personal Multimedia Communications,
WPMC 2006. San Diego, USA, Sep. 2006, pp. 188–193.
[18] A. Papoulis and S. U. Pillai, Probability, Random V ariables and Stochastic
Processes. 4th ed. New York: McGraw-Hill, 2002.
[19] G. H. Foschini and M. J. Gans, “On limits of wireless communications in a
fading environment when using multiple antennas,” Wireless Pers. Commun.,
vol. 6, pp. 311–335, Mar. 1998.
[20] M. Pa¨tzold, Mobile Fading Channels. Chichester: John Wiley & Sons, 2002.
[21] M. Pa¨tzold and B. O. Hogstad, “Two new methods for the generation
of multiple uncorrelated Rayleigh fading waveforms,” in Proc. 63rd IEEE
Semiannual V ehicular Technology Conference, IEEE V TC 2006-Spring,
vol. 6. Melbourne, Australia, May 2006, pp. 2782–2786.
WIRE_08.tex; 17/04/2008; 15:34; p.16
A Study of the Influence of Shadowing on the Capacity of Mobile Radio Channels 17
Author’s Vitae
Gulzaib Rafiq
was born in Hyderabad, Pakistan, in 1982. He received his bache-
lor’s degree (BE) in Electrical Engineering (EE) in 2003 from the
National University of Engineering Sciences and Technology (NUST)
in Rawalpindi, Pakistan, and his master’s degree (MS) in Electronics
Engineering in 2006 from Ghulam Ishaq Khan Institute of Engineering
Sciences and Technology (GIK) in Topi, Pakistan. He was awarded gold
medals in both BE and MS for the best final year project of EE de-
partment in 2003 and for securing first position in the academic session
2004–2006, respectively. His publications received one best paper award
and one best poster presentation award.
Since January 2007, he has been working on his PhD thesis su-
pervised by Professor Matthias Pa¨tzold at the University of Agder
in Grimstad, Norway. His current research interests include mobile
fading channel modelling and information theoretic analysis of MIMO
systems.
Matthias Pa¨tzold
received the Dipl.-Ing. and Dr.-Ing. degrees in electrical engineering
from Ruhr-University Bochum, Bochum, Germany, in 1985 and 1989,
respectively, and the habil. degree in communications engineering from
the Technical University of Hamburg-Harburg, Hamburg, Germany, in
1998.
WIRE_08.tex; 17/04/2008; 15:34; p.17
18 Gulzaib Rafiq and Matthias Pa¨tzold
From 1990 to 1992, he was with ANT Nachrichtentechnik GmbH,
Backnang, Germany, where he was engaged in digital satellite commu-
nications. From 1992 to 2001, he was with the department of digital
networks at the Technical University Hamburg-Harburg. Since 2001, he
has been a full professor of mobile communications with the University
of Agder, Grimstad, Norway. He authored several books and more than
150 technical papers. His publications received eight best paper awards.
He has been actively participating in numerous conferences serving as
TPC chair and TPC member for more than 10 conferences within the
last two years.
WIRE_08.tex; 17/04/2008; 15:34; p.18
